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Abstract. Interpretationof D-mesondecay-dynamicshasrevealeditself to bestronglydependent
onourunderstandingof thelight-mesonsector. Theinterplaybecomesparticularlyevidentin Dalitz
plot analysesto studyphysicswithin andbeyondtheStandardModel.Experienceandresultsfrom
FOCUSarepresentedanddiscussed.A brief updateof thepentaquarksearchin theexperimentis
alsoreported.
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INTR ODUCTION

Dalitz analysesarelargely appliedin modernhigh-energy experimentsto studyHeavy
Flavor hadronicdecays,but alsoto performprecisemeasurementsof theCKM matrix
elementsand searchfor new physics.Paradigmaticexamplesare B � ρπ and B �
D
�����

K
�����

for theextractionof theα andγ anglesof theUnitarity Triangle.Theextraction
of α in B � ρπ requiresfiltering thedesiredintermediatestatesamongall thepossible�
ππ� π combinations,e.g. σπ, f0

�
980� π etc. The extraction of γ in B � D

���	�
K
�����

requires,in turn,modelingtheD amplitudes.Theππ andKπ S-wave arecharacterized
by broad,overlappingstates:unitarity is not explicitly guaranteedby a simple sum
of Breit–Wigner functions. In addition, independentlyof the natureof the σ , it is
not a simple Breit–Wigner. The f0

�
980� is a Flatté-like function, and its lineshape

parametrizationneedsprecisedeterminationof KK andππ couplings.Recentanalyses
of CP violation in the B � DK channelfrom the beautyfactoriesneeded two ad hoc
resonancesto reproducethe excessof eventsin theππ spectrum,oneat the low-mass
threshold,theotherat1.1GeV2 [1, 2]. Thisprocedureof “effectively” fitting datainvites
awordof cautiononestimatingthesystematicsof thesemeasurements.A questionthen
naturallyarises:in theeraof precisemeasurements,do we know sufficiently well how
to dealwith strong-dynamicseffects in the analyses?We have facedparametrization
problemsin FOCUSandlearntthatmany difficultiesarealreadyknown andstudiedin
differentfields, suchasnuclearand intermediate-energy physics,wherebroad,multi-
channel,overlappingresonancesare treatedin the K-matrix formalism [3, 4, 5]. The
effort we have madeconsistedmainly in building a bridgeof knowledgeandlanguage

1 on behalfof theFOCUSCollaboration(http://www-focus.fnal.gov/)



to reachthe high-energy community;our pioneeringwork in the charmsectormight
inspirefutureaccuratestudiesin thebeautysector. FOCUSDalitz plot analysesof the
D 
�� Ds

� π
 π� π
 andof theD 
 � K � π
 π
 will bediscussed.
Thecollaborationhasalsotakena complementarynon-parametricapproachto mea-

suringtheK � π
 amplitudein theD 
 � K � K 
 π
 decayusinga projective weighting
technique.Resultswill bepresented.

THE D � AND Ds π� π� π� AMPLITUDE ANALYSIS

TheFOCUScollaborationhasimplementedtheK-matrix approachin theDs andD 
 �
π
 π� π
 analyses.Resultsanddetailscanbe found in [6]. It wasthe first application
of this formalism in the charmsector. In this model [5], the productionprocess,i.e,
the D decay, canbe viewed asconsistingof an initial preparationof states,described
by the P-vector, which then propagatesaccordingto

�
I � iKρ ��� 1 into the final one.

The K-matrix hereis the scatteringmatrix and is usedasfixed input in our analysis.
Its form was inferred by the global fit to a rich set of data performedin [7]. It is
interestingto notethat this formalism,besiderestoringthe properdynamicalfeatures
of theresonances,allows for the inclusionin D decaysof theknowledgecomingfrom
scatteringexperiments,i.e, anenormousamountof resultsandscience.No re-tuningof
the K-matrix parameterswasneeded.The confidencelevels of the final fits are3.0%
and 7.7% for the Ds and D 
 respectively. The resultswere extremely encouraging
sincethesameK-matrix descriptiongaveacoherentpictureof bothtwo-bodyscattering
measurementsin light-quarkexperimentsas well as charm-mesondecay. Thisresultwas
notobviousbeforehand.Furthermore,thesamemodelwasableto reproducefeaturesof
theD 
 � π
 π� π
 Dalitz plot, shown in fig.1, thatwould otherwiserequireanad hoc
σ resonance.Thebettertreatmentof theS-wave contribution providedby theK-matrix
model wasable reproducethe low-massπ
 π� structureof the D 
 Dalitz plot. This
suggeststhatany σ-likeobjectin theD decayshouldbeconsistentwith thesameσ-like
objectmeasuredin π
 π� scattering.
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FIGURE 1. FOCUSDalitz-plot projectionsfor Ds andD� to threepionswith fit resultssuperimposed.
Thebackgroundshapeunderthesignalis alsoshown.

Furtherconsiderationsand conclusionsfrom the FOCUSthree-pionanalysiswere
limited by the samplestatistics,i.e. 1475� 50 and 1527� 51 eventsfor Ds and D 

respectively.

We consideredimperative to testtheformalismat higherstatistics.This wasaccom-
plishedby theD 
 � K � π
 π
 analysis.



THE D � K � π� π� AMPLITUDE ANALYSIS

TherecentFOCUSstudyof theD 
 � K � π
 π
 channeluses53653Dalitz-plot events
with a signal fraction of � 97%, and representsthe higheststatistics,mostcomplete
Dalitz plot publishedanalysisfor thischannel.InvariantmassandDalitz plotsareshown
in fig.2. Detailsof theanalysismaybefoundin [8].
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FIGURE 2. The D�&% K ' π� π� Dalitz plot (left) andmassdistribution (right). Signalandsideband
regionsareindicated:sidebandsareat ( (6–8)σ from thepeak.

An additional complicationin the Kπ systemcomesfrom the presencein the S-
wave of the two isospinstates,I ) 1* 2 and I ) 3* 2. Although only the I ) 1* 2 is
dominatedby resonances,bothisospincomponentsareinvolvedin thedecayof theD 

mesoninto K � π
 π
 . A modelfor thedecayamplitudesof thetwo isospinstatescanbe
constructedfrom the2 + 2 K-matrix describingtheI ) 1* 2 S-wavescatteringin

�
Kπ� 1

and
�
Kη ,-� 2 (with thesubscripts1 and2, respectively, labellingthesetwo channels),and

thesingle-channelK-matrix describingthe I ) 3* 2 K � π
 � K � π
 scattering.TheK-
matrix form we useasinput describestheS-wave K � π
 � K � π
 scatteringfrom the
LASS experiment[9] for energy above 825MeV andK � π� � K � π� scatteringfrom
Estabrookset al. [10]. The K-matrix form follows the extrapolationdown to the Kπ
thresholdfor both I ) 1* 2 andI ) 3* 2 S-wave componentsby thedispersive analysis
by Büttiker et al. [11], consistentwith Chiral PerturbationTheory [12]. The total D-
decayamplitudecanbewrittenas

. ) �
F1/ 2 � 1

�
s �0
 F3/ 2 � s �1
 ∑

j
a j eiδj B

�
abc 2 r �3� (1)

wheres ) M2 � Kπ� , � F1/ 2 � 1 andF3/ 2 representtheI ) 1* 2 andI ) 3* 2 decayamplitudes
in the Kπ channel,j runsover vectorandspin-2tensorresonancesand B

�
abc 2 r � are

Breit–Wigner forms.The J 4 0 resonancesshould,in principle,be treatedin thesame
K-matrix formalism. However, the contribution from the vector wave comesmainly
from the K

� �
892� state,which is well separatedfrom the highermassK

� �
1410� and

K
� �

1680� , andthecontributionfrom thespin-2wavecomesfrom K
�
2

�
1430� alone.Their



contributionsarelimited to smallpercentages,and,asafirst approximation,they canbe
reasonablydescribedby a simple sumof Breit–Wigners.More preciseresultswould
requirea better treatmentof the overlappingK

� �
1410� and K

� �
1680� resonancesas

well. In accordancewith SU(3) expectations,the couplingof the Kπ systemto Kη is
supposedto be suppressed.Indeedwe find little evidencethat it is required.Thusthe
F1/ 2 form for theKπ channelis

�
F1/ 2 � 1 ) �

I � iK1/ 2ρ � � 1
1 j

�
P1/ 2 � j � (2)

whereI is theidentity matrix,K1/ 2 is theK-matrix for theI ) 1* 2 S-wave scatteringin
Kπ andKη , , ρ is the correspondingphase-spacematrix for the two channels[4] and�
P1/ 2 � j is theproductionvectorin thechannelj.

Theform for F3/ 2 is

F3/ 2 ) �
I � iK3/ 2ρ � � 1P3/ 2 � (3)

whereK3/ 2 is thesingle-channelscalarfunctiondescribingtheI ) 3* 2 K � π
 � K � π

scattering,andP3/ 2 is theproductionfunctioninto Kπ.

The P-vectors are in generalcomplex reflecting the fact that the initial coupling
D 
 � �

K � π
5� π
spectator neednotbereal.Their functionalformsare:

�
P1/ 2 � 1 ) βg1eiθ

s1 � s

 �

c10 
 c11s 
 c12s2 � eiγ1 (4)

�
P1/ 2 � 2 ) βg2eiθ

s1 � s

 �

c20 
 c21s 
 c22s2 � eiγ2 (5)

P3/ 2 ) �
c30 
 c31s 
 c32s2� eiγ3 6 (6)

βeiθ is the complex coupling to the pole in the ‘initial’ productionprocess,g1 and
g2, s1 and s2 are the K-matrix couplingsand poles.The polynomialsare expanded
abouts ) s � sc, with sc ) 2 GeV2 correspondingto thecenterof theDalitz plot. The
polynomial termsin eachchannelarechosento have a commonphaseγi to limit the
numberof free parametersin the fit and avoid uncontrolledinterferenceamongthe
physicalbackgroundterms.Coefficientsandphasesof the P-vectors arethe only free
parametersof the fit determiningthe scalarcomponents.Kπ scatteringdeterminesthe
parametersof theK-matrix elementsandthesearefixedinputsto thisD-decayanalysis.
Freeparametersfor vectorsandtensorsareamplitudesandphases(ai andδi). Table 1
reportsour K-matrix fit results.It shows that quadratictermsin

�
P1/ 2 � 1 aresignificant

in fitting data,while in both
�
P1/ 2 � 2 andP3/ 2 constantsaresufficient. The J 4 0 states

requiredby thefit arelistedin table2.
The S-wave componentaccountsfor the dominantportion of the decay

�
836 23 �

16 50� %. A significant fraction, 136 61 � 06 98%, comes,as expected,from K
� �

892� ;
smallercontributions comefrom two vectorsK

� �
1410� and K

� �
1680� and from the

tensorK
�
2

�
1430� . It is conventionalto quotefit fractionsfor eachcomponentandthis is

whatwedo.Careshouldbetakenin interpretingsomeof thesesincestronginterference
canoccur. This is particularlyapparentbetweencontributionsin the same-spinpartial



TABLE 1. S-wave parametersfrom the K-matrix fit to the FOCUS
D� % K ' π� π� data. The first error is statistic, the seconderror is
systematicfrom the experiment,andthe third is systematicinducedby
model input parametersfor higher resonances.Coefficients are for the
unnormalizedS-wave.

coefficient phase(deg)

β = 37 389 ( 07 152 ( 07 002 ( 07 068 θ 8 286 ( 4 ( 07 3 ( 37 0
c10 = 17 655 ( 07 156 ( 07 010 ( 07 101 γ1 8 304 ( 6 ( 07 4 ( 57 8
c11 = 07 780 ( 07 096 ( 07 003 ( 07 090

c12 = 9 07 954 ( 07 058 ( 07 0015 ( 07 025
c20 = 177 182 ( 17 036 ( 07 023 ( 07 362 γ2 8 126 ( 3 ( 07 1 ( 17 2
c30 = 07 734 ( 07 080 ( 07 005 ( 07 030 γ3 8 211 ( 10 ( 07 7 ( 77 8

Total S-wavefit fraction= 837 23 ( 17 50 ( 07 04 ( 07 07%
Isospin1/2 fraction = 2077 25 ( 257 45 ( 17 81 ( 127 23%

Isospin3/2 fraction = 407 50 ( 97 63 ( 07 55 ( 37 15%

TABLE 2. Fit fractions,phases,andcoefficientsfor the J : 0 compo-
nentsfrom theK-matrix fit to theFOCUSD�;% K ' π� π� data.Thefirst
error is statistic,the seconderror is systematicfrom the experiment,and
thethird erroris systematicinducedby modelinputparametersfor higher
resonances.

component fit fraction (%) phaseδj (deg) coefficient

K <>= 892? π� 137 61 ( 07 98 0 (fixed) 1 (fixed)( 07 01 ( 07 30
K <>= 1680? π� 17 90 ( 07 63 1 ( 7 07 373 ( 07 067( 07 009 ( 07 43 ( 07 1 ( 6 ( 07 009 ( 07 047
K <2 = 1430? π� 07 39 ( 07 09 296 ( 7 07 169 ( 07 017( 07 004 ( 07 05 ( 07 3 ( 1 ( 07 010 ( 07 012
K < = 1410? π� 07 48 ( 07 21 293 ( 17 07 188 ( 07 041( 07 012 ( 07 17 ( 07 4 ( 7 ( 07 002 ( 07 030

wave. While the total S-wave fraction is a sensitive measureof its contribution to the
Dalitz plot, theseparatefit fractionsfor I ) 1* 2 andI ) 3* 2 mustbetreatedwith care.
The broad I ) 1* 2 S-wave componentinevitably interferesstrongly with the slowly
varying I ) 3* 2 S-wave, asseenfor instancein [13]. Fit resultson the projectionsare
shown in fig. 3.

The fit χ2/d.o.f is 1.27 correspondingto a confidencelevel of 1.2%. Our adaptive
binningschemeis shown is fig 4 If the I ) 3* 2 componentis removedfrom thefit, the
χ2/d.o.fworsensto 1.54,correspondingto aconfidencelevel of 10� 5.

Theseresultscan be comparedwith thoseobtainedin the effective isobarmodel,
consistingin a sumof Breit Wigners,which canserve as the standardfor fit quality.
Two ad hoc scalarresonancesarerequired,of mass856 � 17 and1461� 4 andwidth
464 � 28 and177 � 8 MeV/c2 respectively to reproducethe dataandreacha χ2/d.o.f
is 1.17, correspondingto a C.L of 6.8%.A detaileddiscussionof the resultsand the
systematicscanbefound in [8]. A featureof theK-matrix amplitudeanalysisis that it
allowsanindirectphasemeasurementof theseparateisospincomponents:it is thisphase
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FIGURE 3. The Dalitz plot projectionswith the K-matrix fit superimposed.The backgroundshape
underthesignalis alsoshown.
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FIGURE 4. Theadaptivebinningscheme.

variationwith isospinI ) 1* 2 that shouldbe comparedwith the sameI ) 1* 2 LASS
phase,extrapolatedfrom 825GeV down to thresholdaccordingto Chiral Perturbation
Theory. This is donein theright plot of fig. 5. In this model[5] theP-vector allows for
a phasevariationaccountingfor the interactionwith thethird particlein theprocessof
resonanceformation.It sohappensthattheDalitz fit givesa nearlyconstantproduction
phase.The two phasesin fig. 5b) have thesamebehaviour up to � 1.1 GeV. However,
approachingKη , threshold,effectsof inelasticityanddiffering final stateinteractions
start to appear. The differencebetweenthe phasesin fig. 5a) is due to the I ) 3* 2
component.



-100

-50

0

50

100

150

200

250

0.75 1 1.25 1.5
-100

-50

0

50

100

150

200

250

0.75 1 1.25 1.5

FIGURE 5. Comparisonbetweenthe LASS I 8 1P 2 phase+ ChPT(continousline) andthe F-vector
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Theseresultsareconsistentwith Kπ scatteringdata,andconsequentlywith Watson’s
theorempredictionsfor two-bodyKπ interactionsin thelow Kπmassregion,upto � 1.1
GeV, whereelasticprocessesdominate.Thismeansthatpossiblethree-bodyinteraction
effects,not accountedfor in theK-matrix parametrization,play a marginal role.TheK-
matrix form usedin this analysisgeneratestheS-matrix poleE ) M � iΓ * 2 ) 16 408 �
i06 110 GeV. Any more distantpole than K

�
0

�
1430� is not reliably determinedas this

simpleK-matrix expressiondoesnot have therequiredanalyticityproperties.However,
our K-matrix representationfits alongtherealenergy axis inputson scatteringdataand
Chiral PerturbationTheory in closeagreementwith thoseusedin [14], which locates
the κ with a massof

�
658 � 13� MeV and a width of

�
557 � 24� MeV by careful

continuation.Thesepoleparametersarequitedifferentfrom thoseimpliedby thesimple
isobarfits. We have thus shown that whatever κ is revealedby our D 
 � K � π
 π

results,it is thesameasthatfoundin scatteringdata.

A NON-PARAMETRIC APPROACH TO DETERMINE THE K � π�
AMPLITUDE IN D � K � K � π� DECAY

While making the effort of refining the amplitudeformalism, FOCUSidentified the
D 
 � K � K 
 π
 asanidealcaseto applytheprojectiveweightingtechniquedeveloped
in thesemi-leptonicsector[15] to thehadronicdecays,with no needto assumespecific
Breit-Wigner resonances,forms for massdependentwidths, hadronicform factorsor
Zemachmomentumfactors.Detailscanbefoundin [16]. Theold E687Dalitz plot anal-
ysis[17] concludedthat theobservedD 
 � K � K 
 π
 Dalitz plot couldbeadequately
describedby just threeresonantcontributions:φπ
R� K 
 K̄

� �
892� andK 
 K̄

�
0
�
1430� . Al-



thoughφπ
 is an importantcontribution, the φ is a very narrow resonancethat can
be substantiallyremoved througha cut on mK S K T , i.e mK S K T 4 1050MeV/c2. Since
thereis no overlapof the φ bandwith the K̄

�
andmostof the kinematicallyallowed

K̄
�
0
�
1430� region, thereis a relatively small lossof informationfrom theanti-φ cut; of

coursecarefulsystematicevaluationfor residualK 
 K � contributionsandbiasareper-
formed.In theabsenceof the K � K 
 resonances,we canwrite the decayamplitudein
termsof mK T πS ) m andthehelicity decayangleθ Thus

A )
s U p V d VWVWV
∑

l

Al
�
m � dl

00
�
cosθ �3� (7)

wheredl
00

�
cosθ � aretheWignerd-matricesdescribingtheamplitudefor aK � π
 system

of angularmomentuml to simultaneouslyhave 0 angularmomentumalongits helicity
axisandtheK � π
 decayaxis.This techniqueis anintrinsically one-dimensionalanal-
ysis.Thedecayintensityassuming,for simplicity, thatonly S andP-wavesarepresent,
is

2A 2 2 )X2 S � m �0
 P
�
m � cosθ 2 2 )Y2 S � m �Z2 2 
 2Re[ S

� �
m � P � m �3\ cosθ 
]2P � m �^2 2cos2θ � (8)

Theapproachis to dividecosθ into twentyevenlyspacedangularbins.Let

��
D ) � in1 � i n2

6_6-6 in20� (9)

be a vectorwhose20 componentsgive thepopulationin datafor eachof the 20 cosθ
bins.Here i specifiesthe ithmK T πS bin. Our goal is to representthe

��
D vector in eq.9

as a sum over the expectedpopulationsfor eachof the threepartial waves.For this
simplified casethereare threesuchvectorscomputedfor eachmK T πS bin, [ i ��m α \`)� i ��m SS � i ��m SP � i ��m PP � .

Eachi ��m α is generatedusinga phase-spaceandfull detectorsimulationfor D 
 �
K � K 
 π
 decaywith oneamplitudeturnedon, andall the othersturnedoff. We then
use a weighting techniqueto fit the bin populationsin the data to the form i ��D )
FSS

�
mi � i ��m SS 
 FSP

�
mi � i ��m SP 
 FPP

�
mi � i ��m PP. Whenincluding the D-wave aswell, the

resultsappearjust asfive weightedhistogramsin the mK T πS mass,asin fig. 6, for the
five independentamplitudecontributions.

Thecurvesin fig. 6 arethemodelusedin E687but with a K̄
�
0
�
1430� ad hoc arranged

to fit the data, i.e representedas a Breit Wigner with a pole at m0=1412 MeV/c2

and a width of Γ = 500 MeV/c2, not consistentwith the standardPDG K̄
�
0
�
1430�

parametrizationusedby E687.Thisanalysisrevealsoncemore,how subtletheinclusion
of the broadS-wave resonancesin charmDalitz analysiscanbe.Although the D 
 �
K � K 
 π
 is an ideal case,it might be possibleto extend the analysisto the Ds

�
K � K 
 π
 decay, as well as D0 � K 
 K � K̄0 and hadronicfour body decayssuchas
D0 � K � K 
 π
 π� � φπ
 π� .



FIGURE 6. This figure comparesthe five projectedamplitudesobtainedaccordingto their angular
dependence(error bars)with the E687modelproperlycorrected,asexplainedin the text, to matchthe
data(redcurves).Theplotsare:a)S2 directterm,b) 2 S a Pinterferenceterm,c) P2 directterm,d)2P a D
interferencetermande) D2 directterm.

SEARCH FOR PENTAQUARK CANDIDATES

TheFOCUScollaborationsearchedfor thecharmedΘ0
c
�
c̄uudd � pentaquarkcandidatein

thedecaymodesΘ0
c
� D

� � p andΘ0
c
� D � p [18]. No evidencefor apentaquarkat 3.1

GeV/c2 or at any masslessthan4 GeV/c2 wasobserved.More recentlythesearchwas
extendedto two othercandidates:Θ
 � s̄uudd � � pK0

s [19] andφ �b� � 1860� � ssddu � �
Ξ � π� [20]. Having foundnoevidence,limits werecalculated.TheΘ
 productioncross
sectionwasnormalizedto Σ

� �
1385��c andK

� �
892�d
 becausethe reconstructeddecay

modesof the particlesΣ
� �

1385� c � Λ0πc and K
� �

892� 
 � K0
S π
 arevery similar,

in termsof topologyandenergy release,to the signal.The 95 % C.L upperlimits of
σ
�
ΘS �fe BR

�
ΘShg pK0

S

�
σ
�
K i � 892

� S � j 0.00012(0.00029)and
σ
�
ΘS �ke BR

�
ΘShg pK0

S

�
σ
�
Σ i � 1385

��lm� j 0.0042(0.0099)were

estimatedfor a naturalwidth of 0 and 15 MeV/c2 in the good acceptanceregion of
the detector, i.e. for parentparticleswith momentaabove 25 GeV/c. Analogously
the upperlimit wascalculatedfor the Ξ �b�5

�
φ �b� � 1860�n� candidatewith respectto the

Ξ
� �

1530� 0 � Ξ � π
 obtaining
σ
�
Ξ ToT5

�ke
BR
�
Ξ ToT5 g Ξ T πT �

σ
�
Ξ i � 1530

�
0

j 0.007(0.019)for anaturalwidth

of 0 (15)MeV/c2.



CONCLUSIONS

Dalitz-plotanalysisrepresentsaunique,powerful andpromisingtool for physicsstudies
within andbeyondtheStandardModel; however to performsuchsophisticateanalyses,
we needto modelthestronginteractioneffects.FOCUShasperformedpilot studiesin
the charmsectorthroughthe K-matrix formalismandhasstartedan effort to identify
channelswherenon-parametricapproachescan be undertaken. What hasbeenlearnt
from charmwill bebeneficialfor futureaccuratebeautymeasurements.
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